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Summary 
The solution of the momentum equation, including an  iner t ia l  as 
well as the viscous t e r m ,  for  f rozen  flow in the char  zone of a char r ing  
ablator is presented. This study is supplemental in nature  to  NASA-RFL-2 
r epor t  (July 1, 1966) and r ep resen t s  the completion of work with the f rozen  
flow model. 
drops a c r o s s  the char  layer .  
The r e su l t s  a r e  presented a s  p r e s s u r e  profile and/or  p r e s s u r e  
2 
In general ,  the p r e s s u r e  drop var ied f r o m  0.41 (2. 12  lb/f t  ) t o  3 .  51 
2 
(1.7.91 lb/f t  ) inches of water over a range of conditions bounded by the 
following : 
2 
a. mass f lux ,  W: 0.01 to 0.09 lb / f t  - s e c  
b. porosity, c: 0.5  to  0 .8  
c .  surface tempera ture ,  T : 2000 to  3000 F 0 L 
The value of the heat flux a t  the char surface var ied f r o m  7 .4  t o  6 7 . 7  
BTU/ft - s ec  over the same  range of parameter  values. 
2 
Also included a r e  r e su l t s  indicating the effect of each of the pa rame te r s  
on the tempera ture  profile. 
Introduction 
The objective of this  study is to m o r e  precisely define the charac-  
The solution t e r i s t i c s  in the char  zone under frozen flow considerations. 
of the genera l  energy equation in NASA-RFL-2 r epor t  (1) developed the heat 
t r ans fe r  charac te r i s t ics  within this zone. 
three s tages  of development leading to the m o s t  general  case  and were  shown 
as t empera tu re  profiles within the char zone. Supplementary r e su l t s  indicat- 
ing the effect of parameter  changes on the tempera ture  profile a r e  presented 
in th i s  repor t .  
Resul ts  were  presented for  
Fur the rmore ,  to  m o r e  closely define the char ,  the solution of the 
momentum equation writ ten to include iner t ia l  as well  a s  viscous effects i s  
a l s o  analyzed. 
zone and, in some cases ,  the pressure  drop fo r  comparative purposes.  
Resul ts  a r e  shown a s  the p r e s s u r e  profile within the char  
2 
In addition, the value of the heat flux a t  the char  surface is a l so  
presented. I 
The solution to the momentum equation which contains two integral  
t e r m s  is achieved on the LSU-IBM 7040 digital computer using a modified 
vers ion  of the For t r an  p rogram written for the solution to the general  energy 
equation (1). 
ta in  values of the tempera ture  and, in one case,  the value of the gas viscosity 
which is a function of tempera ture .  Therefore ,  the p re s su re  profile calcula- 
tion is made only after a successful  temperature  profile has  been obtained. 
In this  way the p re s su re  profile and heat flux calculations a r e  straight forward 
and d o  not require  use  of an  i terative scheme. 
Simpson's Rule i s  applied to  evaluate the integrals which con- 
I 
This  repor t  completes work on the frozen flow model and future efforts 
wi l l  be directed to the adaptation of the general  F o r t r a n  program for f rozen  























Coefficients in momentum equation 
Component values in generalized heat capacity equation 
Defined on page 9 
Heat capacity of gas  mixture  at constant p r e s s u r e  
Molecular weight of gas component 
Defined on page 9 
Defined on page 9 
Total number of gas  components in  sys t em 
Effective or overal l  t he rma l  conductivity 
Char  thickne s s 
P r e s  s u r e  
P r e s s u r e  a t  char  sur face  
Heat f l u x  
Per fec t  gas constant 
Temp e r a tur  e 
Initial temperature  
F ina l  tempera ture  
Gas velocity 
Gas m a s s  flux 
Mole fract ion of gss  components in sys t em 
Char  distance 
v i scous  coefficient in  momentum equation, (+) 
Iner t ia l  coefficient in  momentum equation 
Char  permeability 
Fini te  change operator  
Char  porosity 
Viscosity of pure gas  
Viscosity of gas  mixture  
Gas density 
I 0 
Collision diameter (gas viscosity calculation) 
Weighting factor (gas viscosity calculation) defined on 
Page 7 
Collision integral  (gas viscosity calculation) 
5 
Discussion of the Momentum Equation 
In order  to  more  closely define the charac te r i s t ics  within the char  
zone of a charr ing ablator ,  the solution of the momentum equation, in  addi-  
tion to the energy equation ( l ) ,  i s  desired.  
flux values (W = 0.05  lb/f t  - s ec )  iner t ia l  as well as viscous effects a r e  
included in  the momentum equation. 
below for  one dimensional flow in a porous media. 
Because of the relatively high m a s s  
2 
The equation with these t e r m s  is given 
2 - = A u t  Bpu 
dz 
2 
where (Au) represents  the viscous t e r m  and (Bpu ) the iner t ia l  t e r m  (3). 
To obtain a r e su l t  applicable a c r o s s  a finite char thickness, the follow- 
ing manipulations a r e  performed. F i r s t ,  multiplication of equation (1) by the 
gas density, ‘p , followed by substitution of the mass flux, W = pu, r e su l t s  in  
. the following: 
dP  2 
dz 
(-) = AW -t BW 
U s e  of the ideal  gas l aw equation as the equation of s ta te  writ ten as 
’ =  R T  
gives equation ( 3 ) :  
P(Fw) followed by substitution into equation (2)  for p and rear rangement  
2 
P d P  = - R T  (AW t BW )dz 
=W 
(3) 
Defining A = Fa and B = 6 with substitution into equation (3 )  r e su l t s  in the 
following : 
RT - 2 
F P d P  = - ( p a w  t S W  )dz 
W 
Separation of t e r m s  followed by integration resu l t s  i n  the solution of equation 
(3a) fo r  P, the p r e s s u r e  at any distance, z, in  the char zone. 
6 
Evaluation of a and in Equation (4) f rom Experimental  Data 
In o r d e r  to  solve equation (4) for the p r e s s u r e  profile witLlin a char  
zone, cy and f l ,  the viscous and iner t ia l  coefficients, mus t  be specified. 
Alpha (a) can be redefined as the r a t i o  of the char  porosity (E) to the pe rme-  
ability ( y ) ,  however, data on y and f l  for char  materials a r e  ve ry  sca rce .  
One source  of data recently obtained under a NASA contract  by 
Southern Resea rch  Institute was used for  this  study (4). The r e su l t s  p re -  
sented for  a char  ma te r i a l  at constant tempera ture  (70 F) w a s  analyzed by 
applying equation (3a) for  the isothermal  case  (8). 
taking the definite integral  r e su l t s  in equation (5):  
0 
Rearranging (3a)  and 
3 
(5) U 
W - .  
2 W i  RTL Closer  inspection shows that a plot of 
coordinate paper r e su l t s  in a straight line curve with cy as the y-intercept 
and f l ,  the slope. 
F igure  IX is a plot of equation (5) for  the data shown in Table V of 
Appendix A. 
a l eas t  squa res  f i t  of the result ing data is shown in Appendix B. 
Evaluation of the Viscosity of the Gas Mixture 
The computer program for  determining the x-y coordinates and 
--.. 
In o rde r  to  determine the p re s su re  profile, the value of the gas  viscosity 
The viscosity of a pure  gas can be as a function of tempera ture  must  be known. 
calculated f r o m  the empir ica l  equation: 
1 / 2  2 = 2.6693 x 10m3[F  T ]  /o 0 % W 
Values of (J for  var ious pure gases  a r e  shown in Table I11 of Appendix A. 
method of Wilke and Johnson is used to  calculate the viscosity of gas  mixtures.  
Although somewhat m o r e  complex than the method of Hirschfelder,  et. al . ,  
the r e s u l t s  a r e  m o r e  accura te  for  a greater var ie ty  of gas sys tems.  







2&? [ I  t (F / F  ) I l l 2  
W m  Wn 
for  n and m equal to 1, 2, 3, ..., K. 
Effect of System Variables  on the P r e s s u r e  Profile 
Although the overall  p ressure  drop a c r o s s  the char  zone for  the 
f rozen  flow model is ve ry  small, the importance of knowing the effect of 
sys t em variables on the p re s su re  profile i s  essent ia l  in describing the char  
zone charac te r i s t ics  by a model. 
the p r e s s u r e  profile in the chxr zone. 
porosi ty  ( c ) ,  and surface temperature  (T ). Qualitatively, the effects can  be 
analyzed by inspection of equation (3a) or  (4). However, the extent t o  which 
each affects the p re s su re  distribution in the char  can  be determined only by 
varying the parameter  values.  
Table I, the p re s su re  drop varied from 0.41 inches (2.12 lb/f t  ) of water t o  
3.51 inches (17.91 lb/f t  ) of water .  
p a r a m e t e r s  over the following ranges: m a s s  f l u x  (0.01 - 0.09 lb/f t  - sec) ,  
char  porosity (0.5-0.8) and surface tempera ture  (2000-3000 F). 
There a r e  three  var iables  which influence 
These a r e  the m a s s  f l u x  (W), char  
L 
As illustrated in F igu res  I through IV and 
2 
2 
These resu l t s  a r e  based on changes in  the 
2 
0 
Determinat ion of the Heat Flux a t  the Surface of the Char 
One additional quantity which can be calculated and which defines the 
charac te r i s t ics  in the char  zone more  precisely i s  the heat flux at the char  
8 
surface.  
the surface and is calculated a s :  q = k (dT/dz)  
energy equation for  f rozen flow, 
This quantity is a measu re  of the heat t ransfer  by conduction into 
( 6 )  F r o m  the general  e z=L' 
it is seen that 
Substitution for  q into eq 
dq 
dz  
o r ,  rear ranging  
2tion (7)  resu l t s  in equation (8) :  
dT 
= w c  6- 
P dz z=L z=L 
d q = W C  cdT 
P 
Integration of equation (sa) between T and T 
0 L 
r e su l t s  in equation (9):  
T- 
q = W c s "  dT 
T P  
0 
(7) \ Substitution of the usual polynomial expression for gives:  
P 
2 3 
q = W c  jL  (a + bT t c T  t dT )dT 
0 
T 
where  a, b, c ,  and d a r e  the pure gas coefficients. 
F o r  a sys t em containing a gas mixture  of K components equation (10) 
can be wri t ten as :  
rn 
2 3 1 




for  j = a ,  b, c ,  d ,  
a n d j  = a' ,  b ' ,  c ' ,  d' 
K 
j' = C jiyi 
i=l  
9 
Integration of equation ( 1  Oa) gives : 
2 
A s  i l lustrated in  Table I, the heat flux varied f r o m  4. 7 to  67. 7 BTU/ft - s e c  f o r  
ranges  in  pa rame te r s  of : mass flux (0.01-0.09 lb/f t  - sec) ,  char porosity (0.5-0.8) 
and surface tempera ture  (2000-3000 F). 
2 
0 
Discussion of the P r o g r a m  for  Determining the P r e s s u r e  Profi le  and Heat Flux 
The general  F o r t r a n  program for the solution of the energy equation for  
the f rozen  flow model w a s  extended t o  include calculation of the p r e s s u r e  profile 
and heat  flux. These la t te r  calculations a r e  made af te r  definition of the t empera -  
t u r e  profile t o  avoid lengthening the i terative scheme used for  solving the genera l  
energy equation. 
p rog ram before (solid l ines)  and after (dashed l ines)  the inclusion of s ta tements  
fo r  determining the p r e s s u r e  profile and heat flux ( see  Diagram I). 
function of each added portion will be discussed separately in  the following 
The block diagram shown on page 10 i l lustrates  the genera l  
The specific 
paragraphs.  - 
P r o g r a m  PRESS: The PRESS program calculates the p re s su re  profile 
using a Simpson's Rule scheme for  the two integrals  shown in equation (4). 
Tempera ture  and viscosity data required in  the calculation a r e  called f r o m  
m e m o r y  by an interpolation method, subprogram OMEGA. The d a t a  necessa ry  
for  calculating the viscosity is obtained f r o m  values read into the p rogram a s  
input, whereas ,  the tempera ture  data is stored f r o m  MAIN af ter  the determina-  
t ion  of th'e tempera ture  profile. 
Simpson:s Rule: The standard Simpson's Rule equation is used to  evaluate 
the two integrals  in equation (4). Written in general  t e r m s  the equation is: 
v = (;) (x 0 t 4(x 0th 2(Xot2h ) t ... t 2(x L-2n 4(XL-h) xL) 
where  V is the value of the integral  and x is the t e r m  under the in tegra l  sign. 
corresponding to T i  and T i n  equation (4). The in te rva l  s ize  is designated by h. 
Subprogram OMEGA: This is a subprogram used to  interpol.ate between 






1. Source of data fo r  other programs 
2. Runge-Kutta Analysis of the energy 
equation 
3. Convergence tes t  for  adjusting 
i n i t i a l  value of slope 
4 .  Tabulates temperature prof i le  and 
data for  output and use in  pressure 




1. Pure component 
physical propertie 
2 .  Gas mixture physi- 
c a l  properties 
3 .  Char physical 
4 .  Change in  the 
effect ive thermal 
onduc t i v i t y  w i. th 
I Subprogram CHAR F i t s  a l e a s t  Returns the specifici- 
co l l i s ion  integral  squares curve t o  1 I 
value,n, t o  PROPT the Char thermal I 
and PRESS f o r  the conductivity data I 
I calculation of gas 




the solution of the general  energy equation, OMEGA w a s  used to  select  the 
proper  collision integral ,  S l y  corresponding to  a specific tempera ture  and  
gas  component; hence, the name OMEGA. However, i n  the revised program,  
OMEGA is a l so  used to  ca l l  the proper tempera ture  corresponding to  a value 
of the char distance,  z, f r o m  tabulated data represent ing the tempera ture  
profile calculated pr ior  t o  p r e s s u r e  and beat flux calculations. 
Resul ts  and Conclusions 
. I  
The solution of the momentum .equati,on under f rozen  flow conditions 
inc reases  the knowledge about the char zone charac te r i s t ics .  







Increasing the m a s s  flux resu l t s  in an  inc rease  in  the p r e s s u r e  d r o p  
and heat flux a c r o s s  the char zone in  a d i rec t  proportion to the 
percentage change affected. 
Increasing the char  porosity inc reases  the heat flux in  the same 
manner  as descr ibed i n  (1) ;  however, the values of the p r e s s u r e  
drop  decrease .  This  decrease  is caused f r o m  the cooling effect 
noted i n  F igure  V1, as a decrease  in  the localized tempera ture  
which has  a g rea t e r  influence on the p r e s s u r e  profile than does 
the char  porosity. 
Raising the surface temperature ,  likewise, r e su l t s  in a n  inc rease  
to  both heat flux and p res su re  drop  values proportional to the per -  
centage change made.  
Varying the gas  composition affects the p r e s s u r e  drop  and heat 
flux according to  the overal l  change in  the physical propert ies  of 
the mixture.  
would cause a corresponding increase  in the values of the heat f l u x  
and p r e s s u r e  profile (Reference: F igure  I). 
The genera l  F o r t r a n  program is now wri t ten to  include the calcula- 
t ion of the tempera ture  and p res su re  profiles and the heat flux at the 
char  surface for  a variety of input conditions. 
i 
Increasing values of the heat capacity and g a s  viscosity 
This  essentially 
12 
concludes the analytical study of the f rozen  flow case ,  except a s  
specific information is required for  comparison with other models 




1 3  
Effect of Changes in  the System’ Variables on the F rozen  Flow Tempera ture  Prof i le  
As supplemental information to the NASA-RFL-2 repor t ,  an  investigation 
into the effects of changes in  sys t em variables  on the f rozen  flow tempera ture  
profile was recently completed. 
profile study, the mass flux, char  porosity, gas  composition, and surface tempera-  
t u re  with ranges of conditions identical to those for  the solution of the momentum 
equation. 
following section indicates the resu l t s  obtained fr.om the study. 
The var iables  studied were,  as i n  the p r e s s u r e  
F igures  V through VI11 i l lustrate  the effect of each variable and the 
Results and Conclusions 
The following conclusions can be drawn f rom the resu l t s  presented a s  
tempera ture  profiles in F igu res  V through VIII:  
1. Changing the gas  composition resu l t s  in a slight shift of the t empera -  
t u re  profile. 
value of the heat capacity for  the mixture  in  question, c. 
P 
heat capacity inc reases  a downward shift resu l t s  representat ive 
of a cooling effect. 
value dec reases .  
Increasing the m a s s  flux and char porosity causes  downward shifts 
in the tempera ture  profile curve.  This is a r e su l t  of (a) increasing 
the coolant gas  flow in the f i r s t  case ,  and, (b) increasing the effect 
surface a r e a  for  cooling in the la t ter .  
Raising the surface temperature  inc reases  the heat load requirement  
on the sys t em which resu l t s  i n  increased localized tempera tures  
throughout the char .  
The direction is entirely dependent on the relative 
If the 
The opposite is  apparent i f  the heat capacity 
2. 
3.  
Future Resea rch  
The immediate plan is  to combine the genera l  p rog ram for  f rozen flow 
with a program that w i l l  generate mole fract ion values of flowing gases  as a 
function of temperature .  
gene ra l  p rogram t o  study the equilibrium flow case .  
This  w i l l  be the first s t ep  in the development of a 
14 
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FIGURE I. EFFECT OF GAS COMPOSITION 
ON THE PRESSURE PROFILE IN THE 



























_"_I___-_ __ -1__--3 ~ 11_---_ _-1- 
Mass Flux, W = 0.05 l b / f t 2 - s e c  
Poros i ty ,  6 = 0.8 
Surface Temperature = 2000°F 
Composition (Mol %) : - 
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FIGURE 11 E F F E C T  O F  CHAR POROSITY 
ON T H E  PRESSURE P R O F I L E  IN THE 





























Composition: Figure I , Curve A 
Mass Flux ,  W :  
Surface temperature:  2000°F 
Porosi ty ,  E: 
0. 05 lb / f t2  - s e c .  
Curve C 0 . 5  
Curve D 0. 7 
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FIGURE I11 E F F E C T  OF MASS FLUX 
ON THE PRESSURE PROFILE IN 
THE CHAR ZONE O F  A CHARRING 
ABLATOR 
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FIGURE IV EFFECT O F  CHAR 
SURFACE TEMPERATURE, TL, ON THE 
PRESSURE PROFILE IN THE CHAR 
ZONE O F  A CIIARRING ASLATOR 
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F I G U R E  v. E F F E C T  O F  GAS C O M P O S I T I O N  











D I M E N S I O N L E S S  CHAR D I S T A N C E ,  f t / f t  
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FIGURE VI. EFFECT O F  CHAR POROSITY 
ON THE TEh4PERATURE PROFILE IN THE 
CHAR ZONE O F  A CHARRING ABLATOR 
0 0.1 0.2 0.3 0 .4  0.5 0.6 0.7 0.8 U . Y  1 . 0  
DIMENSIONLESS CHAR DISTANCE, f t / f t  
















FIGURE VII. EFFECT O F  MASS FLUX 
ON THE TEMPERATURE PROFILE IN THE 
CHAR ZONE O F  A CHARRING ABLATOR 
0 0.1 0.2 0 . 3  0.4 0 . 5  0 . 6  0.7 0 . 8  0 . 9  i . 0  










FIGURE VIII. EFFECT O F  SURFACE 
TEMPERATURE (TL) O N  THE TEMPERATURE 
PROFILE IN THE CHAR ZONE O F  A CHARRING ABLATOR 
Composition: F igure  V,  Curve A 
Mass  flux, W :  0.05 lb/f t2-sec 
Porosity,  6 :  0. 08 
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APPENDIX A 
25 
INTRODUCTION TO APPENDIX A 
Appendix A contains the various physical property and other pertinent 
d a t a  necessary  in the determination of the p re s su re  profile and heat f l u x  a c r o s s  
the char  zone. The following table summar izes  the information presented:  
Table I1 
Table I11 Collision Integral  and Lennard- Jones Potentials,  e tc .  for  
Heat Capacity Coeffieients for  Various P u r e  Components 
Various P u r e  Components 
Table IV Degradation G a s  Composition (Mass Frac t ion)  vs .  Tempera ture  
Table IV- 1 Degradation G a s  Composition (Mole Frac t ion)  v s .  Tempera ture  
Table V Experimental  Data for the Determination of Char Permeabi l i ty  
at Constant Temperature .  
Plot  of Experimental  D a t a  and Least  Squares  Curve - Evaluation 
of (Y and 6 for u se  in  Equation (4) 
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A P P E N D I X  B 
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Introduction to  Appendix B 
Appendix B contains the karious p rogram nomenclature,  d a t a  and 
d iagrams fo r  calculating the p re s su re  profile and heat flux a c r o s s  the 
I 
I char  zone under f rozen flow conditions Section (1))  A complete p rogram c - J* 
sheet  for  the genera l  solution to  the frozen flow problem including the 
tempera ture  and p r e s s u r e  profile and the heat flux calculations is a l so  
pr e s ented. 
Section (2) contains the program information used to  evaluate CY 
and p, the viscous and iner t ia l  coefficients in the momentum equation. 
P r o g r a m  sheets fo r  the correlat ion of experimental  data on char permea-  
bility and a leas t  squares  f i t  of the resulting values a r e  likewise given. 
34 
Section (1) 
Genera l  P r o g r a m  for the Calculation of the Tempera ture  
and P r e s s u r e  Prof i les  in the Char Zone of a Charr ing 
Abla t o r 
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GENERAL PROGRAM FOR THE DETERMINATION 
O F  THE TEMPERATURE AND PRESSURE PROFILES I N  THE I -  
, .  





















Y(I )  
Z L  
INPUT DATA 
P a r a m e t e r s  i n  the heat capacity equation 
Coefficient in  the momentum equation 
Coefficient in the momentum equation 
Initial slope 
Potential  parameter  (E) divided by Boltzman 
Constant (K) for each component 
Poros i ty  
Molecular weight of each gas component 
Initial interval  s ize  for tempera ture  profile 
Interval s ize  for pressure  profile 
Interval s i ze  in  Simpson's Rule evaluation 
No. of gas components 
No, of data points in the k vs tempera ture  
table 
No.  of data points i n  the T K / E  v s  Omega 
table 
P r e s s u r e  at the char  surface 
Gas constant 
Collision diameter  of each gas  component 
Initial t empera ture  
F ina l  Tempera ture  
Mass  flux 
C 
UNITS 
- - -  
l / f t 2  
l / f t  
F/ f t  
0 
- e -  
--- 
l b  
lb  - mole s 
f t  
f t  
f t  
lb/ f t 2  






lb / f t2-sec  
K 0 Tempera ture  data (for char  conductivity) 
Char  conductivity data cal/cm-sec-OC 
Tempera ture  t imes  ratio of the Boltzman - - -  
Constant t o  the potential parameter  data 
(for omega) 
Collision integral  data for  each gas component - - - 
Mole fract ion of each g a s  component moles  of (I) 
total  moles  
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GENERAL PROGRAM FOR THE DETERMINATION 
CIIAn ZONE O F - A  CHARRING ABLATOR 
O F  THE TEMPERATURE AND PRESSURE PROFILES IN THE 
Nomencl.ature 
OUTPUT DATA 
Average molecular  weight of gas mixture  
Char The rma l  Conductivity 
T h e r m a l  conductivity of gas mixture 
Overal l  t he rma l  conductivity 
Char The rma l  Conductivity 
The rma l  conductivity of the pure gas  
component 
Heat capacity at constant p re s  s u r e  of 
the pure gas  coiiipoiient 
Heat capacity of gas mixture 
Heat capacity a t  constant volume of the 
pure gas component 
Derivative of the overall  thermal  conduc- 
tivity with respec t  t o  temperature  
P r e s s u r e  drop  a c r o s s  char 
Temperature  drop  a c r o s s  char 
Instantaneous slope (e) at a distance 
corresponding t o  L dz 
Char porosity 
Heat capacity of, gas mixture 
The rma l  conductivity of gas  mixture 
Step counter corresponding to  instan- 
eous char  distance 
Instantaneous p re s su re  at a distance 
Corresponding to  LS 
Heat f l u x  at char  surface 
Instantaneous temperature  at a distance 
corresponding to  L 
Instantaneous temperature  at a distance 
corresponding to  LS 
lb 
lb  mole 
Ca l / ca r - sec  c 
Cal/ sec-cm-  c 
BTU/  f t -sec-  F 
BTU/ft-sec- F 
Cal/ sec-cm-  F 











BTU/ ft - sec  - ( 





l / f t  








I j YAxIX(L) 
Mass Flux 
Dimensionless char distance t e r m  
(Z/  z L) 
Dimensionless temperature  t e r m  
CT(L) - T ( l ) / ( T L  - TU)) 
Instantaneous char distance 
Char thickne s s 
Instantaneous char distance a t  LS 







-__I-_- C 1 ____ = c c ,  2 = C C 2 ,  3 = K 2 ,  4 = CH4, 5 = C k P 6  -~ 
C Y T / E  V S .  C P E G b  R E I C  P h C  SHEKhCCL ' r  T k B L E  6 - 1 1  P A G E  1 8 7  
39 ___ 
1 5 1  
1 5 2  T P A T I C = ( T L - T ( V + l l  ) / T L  
I F (  C I  F F - 1 C C  .C 1 1 5 3  7 1 5 3  t 1 5 2  -- 
cc  T C  4 c  
SUP - 2=c. __ c 
S L P ? = C . C  
____- 

-- h F F = A F T S t l  
C C 6  l f !  I = 1 *  h F P  
.GC T C  6 1 E  --__ 
617 IF=IC 
- S C V = G . O  -_ 
FPCT=l.C 
~ CC-619 I Z J T h F T S  
IC= 1- J+ 1 
I -- R E T L L h  
--- - f I t ? F T C  Ct-b i?  
C S U e R C U T l K E  C h b R  ( C H A R  CCKDLCTIVITY V S .  I E P P E R A T U R E - - - -  S L O P E  A N C  I h T E R m - - I  
Eh'C 
---____ S U e P C L T I h E  C H A R  ( X C C ~ C , Y C G h C , Y D A T 4 , S L O P E , Y I ~ ~ C F )  -_ 
C I tJ E r\: 2 I C h X C C N C  ( 50 9 Y C C  h C I 5 C 1 
-- S L ' Y X Y = C  .c 
SLtJX2=C.C; 
45 ...... ........... ....... ... __ ...... .. ..... 
. . . . . . . . . . . . . .  .......... .._._..__I---..-.__ . ~ .. 
- P L F i - P  P E T A  F s f lP P I K S  P L  
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D I M E N S I O N :  T T ,  TP ,  2 ,  
ZY, P 
LS=M st1 
Z X ( L S ) = Z L  
T P ( L S ) = T L  
P (  L S )  = r L  
-- 
N B A R =N - 1 
H H = N D A P ,  
LO=LS-NB A R  
z x ( LO) - Z  x ( s ) -HH *H s 
Z S I I ~ I P = H s / I I S I m I  
4 7 
r . 
1 I S E E  S U H P R O G R A E I  0 1.1 E G A 9 11 A SA- R F L  - 2 
I -  F I? O 1. O 14 E C A 
0 1.1 C A = S 0 14 
V I  S ( I ) =2 .6 6 9 3% 1 0 . +(--E ( - 3. ) 3i- 
2 . 0 ) * 0 t.IG A ( F 'd ( I ) * T K ) -E * 0 .5 / ( SI G ( I ) 
48 
- 
TOPV=( 1 , O + (  V I  S( J )  /VI?( 1,) )**-:;O 5* 
BOTV=2.O*SQ2T( 2 . 0 ) 3 ( 1 . + P V ( J ) / P \ ! ( L ) )  
( F w ( L ) /F $1 ( J ) ) * * 9 . 2 5 ) +- -x 2 . 0 
#*O 5 
P H I V = T O P V / B O T V  
T E R M = T X R I . I + P H I V " ( Y  ( L ) / Y  ( J ) )  . 
i. 
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PI 0 D D = 1.1 P- 2 
1 
. I  
I 




I Q = (  W-x-EPS";( ( S U i . : A ~ ~ D ~ i T 1 ) ~ ( 0 . 5 * ~ U ! ~ ! B . X D E L T 2 )  t ( 0 . 3  3* SU M C!* D E 1, T 3 ) + ( 0 .2  5 X SU 1.1 E-% D E L  T 4 ) ) * 4 5 4.0) / ( A V G  3'V* 2 5 2 . 0 ) 
D E L P = ( P ( ~ ) - P L )  
i I " A L L  V A R I A B L E S  D3:PINED"  
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Section (2)  
P r o g r a m s  for  the Evaluation of CY 
and /3 from Experimental  D a t a  
(a) Determination of x - y  coordinates of Equation (5) 
(b) Leas t  Squares  Fit of the Experimental  Data for  
the Determination of CY and 
53 
DETERMINATION O F  X-Y COORDINATES 







Z L  
RHO 
VIS 
F W  
DELTP 
PMEAN 






Number of Tes t  gases  used 
Number of t e s t s  per  gas  component 
Total  number of t e s t s  
Char diameter  
Pe r fec t  gas  constant 
Tempera ture  
Char thickness 
Gas density 
G a s  viscosity 
G a s  molecular weight 
P r e s s u r e  drop a c r o s s  char 
Mean p r e s s u r e  of the sys tem 
G a s  velocity 
Output Data 
( ~ / ; 2 )  t e r m  in  equation (5) 
( F w A  (P2))/2WI)RTL t e r m  inEquation (5) 
Units 
- -  
- -  
- -  
inches 
ft3-lb /f t2-lbmole- R 0 F 
OR 
inches 
lb/ f t3  
CP 
lb/ lbmole s 
in. of H 2 0  
in. of H 2 0  
cm3/sec  
l / f t  
1 / f t"  

C C  
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R 2  
SYEST 
LEAST SQUARES FIT O F  THE 
EXPERIMENTAL DATA FOR THE 
DETERMINATION O F  Q! AND /j 
Nomenclature 
InDu t Data 
Number of data points 
( W / i )  t e r m  of Equation (5) 
(FwA(P2)) /  2WiRTL t e r m  of Equation (5) 
Out put I3 ata  
Value of /j, slope of Equation (5) 
Value of a, y-intercept of Equation (5) 
Correlat ion coefficient 
Standard deviation of Y estimated f r o m  
the regress ion  equation 
Units 
-- 
l / f t  
l / f t 2  
l / f t  
l / f t 2  
- -  
1 / f t2  

i c0l;y 
TOTAL 
